ABSTRACT LEDERBERG, SEYMOUR (Brown University, Providence, R.I.). Genetics of hostcontrolled restriction and modification of deoxyribonucleic acid in Escherichia coli. J. Bacteriol. 91:1029Bacteriol. 91: -1036Bacteriol. 91: . 1966.-The locus for the host specific restriction and modification of deoxyribonucleic acid in Escherichia coli has been mapped by matings between mutants for these characters in strains K-12, C600, and B. Linkage analysis and kinetics of marker transfer indicate that a single or closely linked multiple chromosomal site located about 4 min counterclockwise to leucine is responsible for these activities. Secondary factors which affect the quantitative level of restriction also were detected. Wild-type recombinants were isolated in crosses between rmf (restriction or modification, or both) mutants. The expression in zygotes of the restrictionless character of a rmn donor is masked by a separate, physiological impairment of restriction, which results from mating and is independent of the modification state of the donor. The relevance of the restriction character to mating incompatibilities in these and other bacterial strains is considered.
Bacteriophage grown in a given bacterial strain acquire a host specificity characteristic of that strain, with the result that they may either be rejected or accepted upon infection of a new host (23) . For coliphages Ti, X, and e, rejection of phage is associated with the loss and degradation of the infecting phage deoxyribonucleic acid (DNA; 3, 12, 21, 22, 29) . When a bacteriophage is accepted by a new host, a host specificity characteristic of that host is imparted to the progeny phage. Two host activities operate in this phenomenon: one is a restricting activity which prevents phage multiplication according to the host of origin of the phage; the other is a modifying activity which imparts a host specificity to phage. These activities also apply to the mating ability of one bacterial strain with another: the mating is relatively fertile or infertile according to the match of host restricting activity in the recipient strain with the host specificity of the genetic donor (5, 7, 8, 16, 17; Lederberg, in press).
The mating ability of restriction and/or modification mutants of strains K-12 and B of Escherichia coli parallels qualitatively the behavior of phage infections. If the recipient strain is impaired in its restricting activity toward phage X, then the modifying ability of the donor strain is irrelevant to the mating efficiency. However, if the recipient strain is restrictive toward phage X, then the donor strain needs the protective modifying ability for the mating to be fertile (Lederberg, in press).
The experiments reported here deal with the genetic properties of the loci for restriction and modification in some of these mutants.
MATERIALS AND METHODS
Abbreviations. The following abbreviations are used: MNNG, 1-methyl-3-nitro-l-nitrosoguanidine; EMS, ethyl methane sulfonate; 0, origin of transfer of the bacterial chromosome; B1+, arg+, his+, leu+, met+, pro+, and thr+, ability to synthesize thiamine, L-arginine, L-histidine, L-leucine, L-methionine, proline, or L-threonine, respectively; ara+, gal+, lac+, mtl+, and xyl+, ability to use L-arabinose, D-galactose, lactose, D-mannitol, or D-xylose, respectively, as carbon source; T6-r, resistant to phage T6; Tl,5-r, resistant LEDERBERG strain Bc251, and X-C indicates X with C-type host specificity characteristic of strains C and C600 rm4 . The phage restriction and modification properties of these mutants and their effect on bacterial recombination efficiency were reported in a previous paper (Lederberg, in press ). For the present study on the mapping of the genetic determinants for host-specific restriction and modification, mutants were chosen from among those which had lost only their ability to restrict, and from those which had lost both the ability to restrict and to modify. In addition, two host-specificity mutants of strain C600 (C600 rm4 and C600 rm5) were studied. These mutants were derived by M. Meselson from strain C600 treated with EMS by selection for the loss of the ability to impart K-12 host modification specificity to phage X. Both of these mutants lack the ability to restrict and to modify phage X. Isolation of niutritional mutants. Subcultures of cells treated with MNNG as above were plated on E M B Agar supplemented with lactose or L-arabinose. Presumptive nonfermenting mutants were further tested on minimal PNA supplemented with different sugars and serially restreaked to obtain pure clones. Mutants requiring amino acids for growth were detected by spotting broth cultures of mutagen-treated cells on plates of PNA, with and without amino acid supplements. About 10%O of the clones examined had some nutritional defect, and about 0.5% were impaired in their host-specificity properties. Most of the latter still had the nutritional properties of their parent strains.
Bacterial matinigs. Matings for linkage analysis were carried out according to the method of de Haan and Gross (11) . Matings were interrupted after 40 min, and recombinants for desired markers were selected on the appropriate minimal medium. Counterselection with T6 or streptomycin was used, depending on the characteristics of the parent strains. Purified recombinants were scored for nonselected markers on supplemented medium or by infection by bacteriophage.
In experiments on the kinetics of transfer of donor markers for restriction and modification, it was necessary to modify the usual mating procedure to permit nuclear segregation and phenotypic expression for these characters, and to obtain populations sufficiently dense for convenient infection by phage X. About 109 donor cells and 109 recipient cells were mixed and immediately filtered onto a Millipore membrane (27) . The cells on the membrane were incubated on a tryptone-agar plate for 2 to 6 min, then resuspended in broth, and diluted to a concentration of about 5 X 105 recipient cells per milliliter. Samples were withdrawn from this suspension at intervals and shaken vigorously to interrupt the mating. Residual donor cells were selected against the T6 or streptomycin, or both. The samples were then incubated until densities of 109 to 2 X 109 cells per milliliter were reached. All Isolated from Bc251 T6-r str-r rmill ara-after infection with phage X Isolated from AB259 after mutagenesis with MNNG Spontaneous mutant of AB259 rmil selected with phages Ti and T5 Isolated from Bc251 T6r leuc after mutagenesis with MNNG * Type 1: strains with the host specificity of Escherichia coli K-12 (these restrict X-B and X-C, and impart the host specificity of K-12 to X). Type 2: strains with the host specificity of E. coli B (these restrict X-C and X K, and impart the host specificity of B to x). Type 3: strains with the host specificity of E. coli C (these neither restrict nor modify X). Type 4: Strains which cannot restrict phage X, but which still impart the host specificity of their parent strain.
of the above operations were carried out at 37 C. (Table 3) . Therefore, the rm site is bounded by the Hfr Hayes origin and the locus for threonine synthesis.
A secondary factor which improves the morphology of X plaques and increases the efficiency of infection of rmiK cells by X .C had a high frequency of joint inheritance with donor T6-s in ara+ recombinants selected from crosses between AB259 and Bc251 T6-r str-r rm11nara-. About 55% of the recombinants with donor rm show this secondary effect. Of these, over 90% are also T6-s. When the secondary effect was not inherited with donor rm, T6-s was inherited in only 10% of the cases. The efficiency of infection by X -K was normal for all recombinants. Therefore, either this second factor also contributes to host-specific control of DNA multiplication, or else this factor affects phage multiplication nonspecifically, but is manifest only in those cases where restriction has reduced the probability of successful infection.
In purified leu+ recombinants from crosses between P4X6 and C600 rM4 or C600 rm5, the modification specificity was either of the K type or the C type as in the parent strains. However, these recombinants exhibited either the restrictionless character of the rm-recipient, or a restrictionless character considerably less com- To learn more precisely the chromosomal location for the rm factor, the kinetics of transfer of donor markers was studied. In crosses between Hfr Hayes AB259 rm1l x C600 T6-r, rmiK, the rml gene which modifies but does not restrict, entered the recipient about 4 min before leu+ (Fig. 1) . In crosses with the same donor and C600 T6-r, rm6, the donor character for modification, likewise appeared about 4 min before leu' (Fig. 2) . Crosses with mutants of B as recipient gave similar results for the time of entry of the K-12 allele for the B modification site (Fig. 3) for rin (Fig. 4) . Therefore, the chromosomal locations for the loci for host-controlled restriction and modification of K-12 and B specificities are coincident within 1 min of transfer by this technique, and lie about 4 min counterclockwise to leu on the chromosome map for K-12. This location is in agreement with the linkage relations described earlier, although negative interference makes it difficult to equate linkage values with distance (25) .
Recombination within the rm region. The appearance of dual defects in restriction and modification in several of the rm mutants studied here may be ascribed to changes in a single genetic site common to both activities, or to polarity mutations in an operon composed of The present experiments indicate that a chromosomal site just counterclockwise to the thr locus is responsible for the primary restriction and modification of DNA in E. coli. This location agrees with the region responsible for restriction and modification of phage X and for hybridization efficiency between parental strains K-12 and B (8, 17) , and presumably represents the same site by virtue of the fertility of the restrictionless mutants.
The restrictionless mutants of strain B studied here were selected by their acceptance of phage X. The coli-dysentery phage P2 * Shigella dysenteriae which is restricted in parental strain B (6) can multiply in these restrictionless mutants (Lederberg, unpublished data) . The selection of fertile mutants of strains whose incompatibilities are due to host-controlled restriction is, therefore, not limited to those strains which can adsorb phage X.
One or more secondary factors affecting restriction but not modification were revealed in recombinants from crosses between restricting Hfr donor strains AB259 or P4X6 and restrictionless recipient mutants of C600 and Bc251. The secondary factor has a high frequency of joint inheritance with T6-s in the case of crosses with AB259 and with ara in the case of crosses with P4X6. These secondary effects cannot be attributed to the X-prophage which also exerts a restriction on X (17) because the X-prophage lies in a distant part of the chromosome between 424-prophage and his (10) , which should require about 45 and 55 min for transfer by the Hfr strains AB259 and P4X6, respectively. Therefore, the X-prophage should be unlinked to the earlier markers T6-s or ara in the respective crosses.
In crosses between E. coli Hfr Hayes or Cavalli strains (lac+, met-) and a recipient strain of Salmonella typhimurium (lac-, met+), a locus which modifies Salmonella phage P22 was found (30) . This locus (Mp) "seems to lie between T6 and lac, as some of the few progeny that did not obtain T6coli did not obtain Mpcoli" when selection was made for donor lac+ and recipient met+ markers. A further analysis is needed to determine whether the loci for host specificity for phages X and P22 share any genetic or physiological elements. It is possible that restriction systems are operative in other mating incompatibilities between bacterial strains of different species. The infertility between donor strains of E. coli and recipient cells of S. typhimurium, which can be overcome by mutation in the recipient strain (13) , may be such an example. If the findings reported in the present paper extend directly to the coli-typhimurium system, then some coli-typhimurium fertility mutations should be located at the rm site for strains K-12, B, and C near thr, or at the P22 host specificity site near T6-r, or at both locations, and should affect transfer of phage and bacterial DNA.
In matings between E. coli and S. typhosa, hybrids containing coli genes proximal to the entry of chromosomes from Hfr Hayes and Hfr Cavalli strains are usually more fertile than the parent recipient when backcrossed with these coli donors (19) . These authors proposed that the enhanced fertility was due to an artificially created chromosomal homology. It is possible that, in fact, the coli-typhosa matings also are regulated by phage restriction factors similar to those operative in the coli K-12 coli B matings. This alternative explanation takes into account the fact that the genetic sites made homologous in the coli-typhosa matings included the Hayes origin-ara and the Cavalli origin-T6-r-lac regions. In the coli system, these restriction factors are more complex than the genetic homology of genes at the chromosomal transfer origin per se, since crosses with P4X6 X Bc251 rm124 (see Fig. 3 ) locate the donor primary rm gene several minutes after the entry of other markers. Furthermore, the coli rm site affects the multiplication of certain phages (e.g., virulent and temperate forms of P2 and X), as well as the mating efficiency of diverse coli strains. Therefore, the rm mutations appear to relate to the ability of host enzymes to deal with phage and bacterial DNA.
In a previous paper (Lederberg, in press), models were proposed for host restriction and modification. Modification was visualized as the protection conferred to DNA by a site-specific restriction-blocking activity. Alternatively, removal of a degradation-sensitizing activity could be involved. The behavior of phage X indicated that K-12-type strains would possess the former protecting activity or lack the latter sensitizing activity, and vice versa for C type strains. An earlier report that zygotic induction of hybrids between E. coli Hfr Hayes (X) and Shigella flexneri strains 2aA (a type C strain) produced phage half of which had K-12 specificity (24), suggests that a positive, protecting action is operative. This view is reinforced by preliminary observations that the rMK modification character begins to be expressed by 20 min after its entry by mating into a modificationless recipient.
